Abstract. We report on measurements on Y 1-x Pr x Ba 2 Cu 3 O 7-δ single crystals, with x varying from 0 to 2.4%. The upper and the lower critical fields, H c2 and H c1 , the Ginzburg-Landau parameter, κ, and the critical current density, J c (B), were determined from magnetization measurements and the effective media approach scaling method. We present the influence of Pr substitution on the pinning force density as well as on the trapped field profiles analyzed by Hall probe scanning.
Introduction
For practical applications of high-T c superconductors, it is necessary to improve flux pinning in these materials. Among various methods employed for the enhancement of the pinning force, cationic substitution is known to be effective in increasing the critical current density, J c , significantly [1] .
Substitution of three-valence rare earth ions at the Y site in superconducting YBa 2 Cu 3 O 7-δ (Y123) does not change the critical temperature, T c , except for Ce, Pr, and Tb. Of particular interest are Pr ions, which destroy superconductivity without changing the structure of Y123 at high substitution levels. They are expected to introduce effective pinning centers with insignificant changes in T c of the parent compound at low substitution level [2] . Pr-doping on the Y sites in the Y123 structure does not significantly affect the oxygen concentration [3] . Several groups referred to Pr-substituted Y123, but to our knowledge such low-level substitutions have never been seriously considered.
We report on the magnetization and on Hall probe scanning measurements in single-phase monocrystals of the Y 1-x Pr x Ba 2 Cu 3 O 7-δ system. The lower and the upper critical fields, H c1 and H c2 , the thermodynamic critical field, H c , the coherence length, ξ, the penetration depth, λ, and the GinzburgLandau parameter, κ = λ/ξ, were estimated. The aim of the studies is to investigate the extent to which low-level Pr substitution influences the superconducting parameters and the flux pinning properties. The critical current density, J c (B), the pinning force, F p , and the trapped field profiles are presented. 3 for x = 0, 0.013, and 0.024, respectively. The crystals were annealed in flowing oxygen at 500 ºC for 72 hours followed by furnace cooling to room temperature. The Pr content was determined by an inductively coupled plasma (ICP) technique.
The dc magnetization measurements were made in a 7 T SQUID magnetometer (Quantum Design, MPMS) and a 9 T Physical Property Measurement System (Quantum Design, PPMS) with the magnetic field H || c. The scan length of the specimen in the SQUID magnetometer was 3 cm. The field dependence of the magnetization was measured. By extrapolating the reversible part in the logarithmic M(lnH) dependence to zero, the values of H c2 (T) were estimated [5] . The normal state signal was subtracted by fitting Curie law parameters to the temperature dependence of the magnetization recorded at temperatures between 130 and 300 K. The J c values were calculated using the modified Bean model [6] .
The superconducting state parameters were determined by fitting free parameters in the theoretical magnetization dependence based on Ginzburg-Landau (GL) theory, in order to obtain the reversible magnetization. The effective media approach to magnetization scaling [7] was proved to be successful for high and low temperature superconductors and was applied here.
In order to analyze the trapped field profile, Hall probe scanning was used. The sample was magnetized in a field of 0.4 T. The distance between the sample and the Hall probe was 0.1 mm. The measurements were performed in a liquid nitrogen bath.
Results and discussion
Zero-and field-cooled magnetization as a function of temperature in a field of 0.5 mT is presented in Figure 1 Scaling of the experimental reversible magnetization according to the theory is presented in Figure  2 . The scaling method requires only two parameters: the sample dimensions and the intrinsic GL parameter κ. By fitting the initial slope of the theoretical reversible magnetization to that obtained experimentally, H c1 was extracted. Then H c2 , H c , ξ, and λ were estimated using simple relations between the superconducting parameters.
The results for H c2 (T) derived from the extrapolation of the reversible magnetization are consistent with those obtained from the magnetization scaling method. dH c2 /dT is -1.83, -2.00, and -2.09 T/K for x = 0, 0.013, and 0.024, respectively. Using the Werthamer-Helfand-Hohenberg (WHH) 
, [9] , and were found to be 1.33, 1.38, and 1.44 T for x = 0, 0.013, and 0.024, respectively. A summary of the results for the thermodynamic parameters is given in Table 1 . The critical current densities derived from the modified Bean model are presented in Figure 3 . Although H irr (T) does not change at low-level substitution, J c (B) increases in the substituted samples. The lack of a systematic increase is probably due to disorder from oxygen deficient regions, which is not well known. As pointed out by many authors, the critical current density strongly depends on that. Valuable information on the pinning mechanisms can be obtained from the functional form of the pinning force density, F p (B) = J c B. All the temperature-dependent curves of F p /F p, max versus b (b = B/B k , where B k is defined from Kramer's plots and is related to the irreversibility field rather than to the upper critical field) would collapse to a single curve, if the primary pinning mechanism was not changed. In Y123 crystals, oxygen-deficient regions act as pinning centers. In the Pr doped samples, besides oxygen vacancies, defects introduced by the magnetic ions are present. Additional defects, like small cracks or twin boundaries, naturally introduced during the oxygenation process, are expected. With increasing Pr content, no pronounced shift of the field, where F p, max occurs, was observed ( Figure 4) . This, together with the presence of a single curve at low fields, suggests that the pinning centers are of the same nature and equally strong up to 2.4% of Pr substitution. It appears to be a clear indication that Pr ions hardly play a pinning role at low fields. At high fields, on the other hand, the pinning force density strongly depends on the Pr content. We expect, that close to the irreversibility line only the strongest pinning centers remain active. They are probably Pr ions together with oxygen deficient regions. Since the oxygen content may differ in the crystals, a difference in the normalized pinning force density is observed. A similar behavior was observed over a wide range of temperatures. The emergence of a peak in the magnetization with increasing field at high temperatures suggests that the pinning centers are field-induced. The influence of the Pr substitution on the trapped field profiles was analyzed by Hall probe scanning and is presented in Figure 5 . An increase in the trapped field, B t , is observed in the Prsubstituted crystals. These results are consistent with the J c (B) increase. 
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Conclusions
We report on the effect of low-level Pr substitution on the superconducting parameters for H || c-axis of large-sized single crystals of Y 1-x Pr x Ba 2 Cu 3 O 7-δ . For crystals with x ≤ 2.4% and unchanged T c , we find an increase of H c2 as well as of H c with increasing Pr substitution. No change in the GL parameter, κ, is observed and its value found to be equal to κ = 50 ± 3. By increasing the Pr content, higher J c (T, H) values are obtained, while no apparent dependence in H irr (T) was observed. The results indicate that the substitution of Pr in Y123 induces effective pinning centers, enhances the pinning force and the trapped field by a factor of about 2 at 77 K.
